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Contrastive sequence signatures between
the both sides of a recombination spot reveal
an adaptation at PPARD locus from standing
variation for pleiotropy since out-of-Africa
dispersal
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Abstract

Background Drug metabolism and transporter genes are a specialized class of genes involved in absorption,
distribution, metabolism and excretion. They easily present distinct genetic population differentiation and are
vulnerable to natural selection.

Results We initiated a study using a special panel of informative genetic markers in such genes and dissected the
genetic structure in representative Chinese and worldwide populations. A distinctive sub-population stratification
was discovered in extensive Eurasians and resulted from divergence at the PPARD locus. The contrastive sequence
signatures between the both sides of a recombination spot prove a selective sweep on this locus for genetic
hitchhiking effect. A genealogy-based framework demonstrates the positive selection acting from standing variation
exerted a moderate pressure in Eurasians, and drove the adaptive allele up to a high frequency. The timing and
tempo estimations for the genetic adaptation indicate its onset coincided with the early out-of-Africa migration of
modern humans and it lasted over a prolonged evolutionary history. A phenome-wide association analysis reveals an
extended cis-regulation on the local gene expression and the pleiotropy implicated in a variety of complex traits. The
colocalization analyses between the genetic associations from cis-acting gene expression and complex traits signify
the most likely selective pressure from physical capacity, energy metabolism, and immune-related involvement, and
provide prioritization for the effective genes and casual variants.
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Conclusions This work has laid a foundation for following efforts to make full sense of the biological mechanisms

underlying the genetic adaptation.

Keywords Drug gene, Genetic stratification, Positive selection, Evolutionary history, Selective pressure, Causal

prioritization

Background

Over the past few years, intensive efforts have been made
to elucidate more precise genetic architecture throughout
vast Chinese populations with ethnic diversity via scruti-
nizing genome-wide variations from early high-density
microarray genotyping [1-2] and recent whole genome
sequencing [3—4]. The genetic markers are usually more
preferred to enable discriminating subtle population dif-
ferentiation, regardless of their biological functionality.
In concomitant analyses for natural selection, a series of
genetic loci have been identified under positive selec-
tion, especially recent hard sweep [5]. Exploring these
evolutionary profiles and their phenotypic implications
has been essential for better understanding the human
genome. We anticipated that a detailed survey for the
genes involving certain biological functions would pro-
vide novel insights into what has not been achieved in
previous works.

Drug metabolism and transporter genes are a special-
ized class of genes involved in absorption, distribution,
metabolism and excretion (ADME), and significantly
contribute to human variability in drug response [6—
8]. The PharmacoGenetics for Every Nation Initiative
aimed to establish a global genotype-guided knowledge
resource to formulate individualized therapy for drug
efficacy and safety [9]. An exemplified application is the
major genetic determinants of warfarin dosing strat-
egy for optimal anticoagulation [10-11] within a nar-
row therapeutic range for patients with wide dosage
requirements. Moreover, the spectrum of ADME genetic
variants often reflect easily discernible population het-
erogeneity. The differentiation is not only resulted from
random genetic drift, human demographic activity and
sociocultural transition, but also usual susceptibility
to natural selection due to their involvement in crucial
biological processes [12]. Despite constantly receiving
unusual attention, such genes remain ambiguous in many
aspects of human genetics.

We initiated the present study using a special panel
of informative genetic markers in the ADME genes, fol-
lowed by a series of progressive analyses for genetic pop-
ulation differentiation, sequence signatures of genetic
adaptation, selective history inference, potential selective
pressure and prioritization of casual genes and variants.

Results

Population structure in ADME genes

We carried out a popular workflow of population genet-
ics to characterize the genetic architecture of the ADME
genes among the representative Chinese populations
(Table S1). Our results from a particular gene class reit-
erate a well-recognized genetic structure (Fig. 1) among
Chinese populations. Three major groups, namely the
northern minority (Uygur, Mongolian and Tibetan), Han
Chinese (Han-GD, Han-SH and Han-SD) and south-
ern minority (Lic, Zhuang and Miao) groups, primar-
ily reflect genetic changes in a geographical south-north
cline (Fig. 1a and c). The divergence between the south-
eastern and the northwestern minority ethnic groups is
more striking. The northern populations diverge from
one another and the other populations (Fig. 1b-c), with
their distinct genetic diversity representing part of an
east-west stratification [13—15]. The change in the ances-
try composition of each STRUCTURE analysis is more
significant in the northern populations (Fig. S1). The
variance percentages among groups turn higher when
separately grouping the three northern populations in
the Analysis of Molecular Variance (AMOVA) analyses,
and the grouping in agreement with their language phy-
lum vyields the highest among-group variance (Table S2).
The differentiation is sophisticated within the Han Chi-
nese and southern minority populations. Han-GD shows
a closer relationship to Lic and Zhuang than to Han-SH
and Han SD (Fig. 1c) because of their genetic make-up
resemblance in the STRUCTURE Clusters (Fig. 1b). The
variance percentage among groups is larger when group-
ing Han-GD with Lic and Zhuang than when grouping it
with Miao in the AMOVA. STRUCTURE (Fig. S1) and
AMOVA (Table S2) equally reveal Miao seems more
deviated, although it belongs to one of the southern pop-
ulations. This specialized combination of genetic markers
is less able to clearly separate the populations, especially
the southern populations due to their closer relation-
ships resulted from intricate demographic history. It
was still challenging, yet improved, even when using the
whole genome unbiased data [4, 16]. All Clusters in the
STRUCTURE analyses are shared between the Han Chi-
nese and the southern populations, except for a discern-
ible variation in each Cluster at the population level (Fig.
S1). Most importantly, the STRUCTURE characteriza-
tion of genetic architecture indicates a notable genetic
stratification between individuals, even within the same
population. Consistently, a plausible binary clustering
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Fig. 1 Population structure in the ADME genes. a The MDS plot of the Chinese populations in three dimensions on the basis of pairwise IBS matrix and
the distribution of each population in the first dimension. The sub-population clustering is marked by dashed circles in different colors. b The STRUCTURE
result at K=6 exhibits the varying proportions of individual Clusters. The left and right parts depict for the individual levels and the population levels,
respectively. ¢ The maximum likelihood tree of TreeMix for the populations with the migration weight and residuals from the optimal model fit. Uygur
was used as the outgroup in the TreeMix modeling. The x-axis represents the estimated relative genetic drift. The migration edge was set at 6 after an

evaluation (Fig. S2-S3)
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pattern is appreciated in the Multi-dimensional Scaling
(MDS) analysis (Fig. 1a). The proportions of certain Clus-
ters anomalously fluctuate between individuals through-
out the populations in all the STRUCTURE analyses at
the individual level (Fig. S1). Thus, we recognized a sub-
population structure that has never been documented.

Pairwise Fgp values between populations were esti-
mated for each genetic marker to measure the divergence
of allele frequency. The extent of divergence corresponds
to the population structure demonstrated in the afore-
mentioned analyses. High values are easily observed
between the northern minority populations and the oth-
ers (Fig. S4; Table S3). The top percentiles (99.9th, 99th,
98th and 95th) of the pairwise population Fgr values
exhibit the lowest differentiation among the Han Chi-
nese population pairs. The 99.9th percentile is F¢;=0.308,
and the 99th percentile is Fg:=0.14 for the all Fy; value
distribution. If a SNP (single nucleotide polymorphism)
has Fg;>0.3 or Fgr>0.15, it is considered as the most or
very highly differentiated, respectively (Tables S4-S5).
The 71 SNPs with the highest Fy; values are associated
with 23 genes. Of them, a few are remarkable for signifi-
cance in clinical pharmacogenetics [17], like CYP2C19,
CYP2D6 and VKORCI, for being the target of natural
selection, like ADHIB [18] and NAT2 [19], for being
involved in disease pathogenesis, like ABCG2 [20], ALB
[21] and CYP11BI [22], and for a dual role in transmem-
brane transportation and viral entry, like SLCI0A1 [23].
The well-known ADHI1B*48His (rs1229984) in ADHIB
is strikingly differentiated between Tibetan and other
populations, with the highest Fg=0.646 between Tibetan
and Lic. An adaptation to the subsistence lifestyle follow-
ing the advent of Neolithic agriculture has been broadly
accepted as the evolutionary drive [18]. Accordingly,
genetic divergence seems easier to occur in the ADME
genes.

Using a particular class of genetic markers in the
ADME genes, our results recapitulated the general pop-
ulation structure in Chinese populations, found out the
genetic differentiation in a part of potential markers, and
discovered a paradoxical genetic split between the indi-
viduals of each population (Fig. 1a). Thus, we sought to
examine the factors gave rise to this extensive and nota-
ble genetic distinction, which had never been disclosed in
previous works.

Distinctive sub-population stratification

The conventional analyses of population genetics added
an unexpected insight to the results that largely align
with existing knowledge on the genetic structure in East
Asians. A distinctive subdivision between the individu-
als across all the populations is worthwhile to explore
its root (Fig. 1a). Previous studies adopted a linkage dis-
equilibrium (LD)-based thinned set of genome-wide
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polymorphisms as a balanced strategy to dissect popula-
tion structure in case of uncertain genetic bias [24]. How-
ever, the potential ability may be attenuated to identify
subtle differentiations at specific loci. Subsequently, we
strove to ascertain whether this disparity is owing to an
unusual but genuine population structure or a spurious
chance arising from our biased analysis and even geno-
typing errors. Additionally, we proceeded with inquiry
into the underlying cause and why it occurs within popu-
lations, if the sub-population stratification does exist.

We analyzed the population structure in a more
global context. Data from the 1000 Genomes Project
(IKGP) [25] shared with our DMET genotype data were
exploited. Additional 14 populations in 1KGP, includ-
ing Han Chinese in Beijing, China (CHB), Han Chinese
South (CHS) and Japanese in Tokyo, Japan (JPT) of
East Asian ancestry, British from England and Scotland
(GBR), Finnish in Finland (FIN), Iberian Populations in
Spain (IBS), Toscani in Italia (TSI) and Utah residents
(CEPH) with Northern and Western European ances-
try (CEU) of European ancestry, Colombian in Medel-
lin, Colombia (CLM), Mexican Ancestry in Los Angeles
CA, USA (MXL), and Peruvian in Lima, Peru (PEL) of
Latin American ancestry, and African Ancestry in South-
west USA (ASW), Luhya in Webuye, Kenya (LWK) and
Yoruba in Ibadan, Nigeria (YRI) of African ancestry,
were integrated into an MDS analysis with the present
samples (Fig. S5). All subjects were clustered into three
major groups representing East Asians, Europeans and
Latin Americans, and Africans. The Latin Americans
clustering is close to that of Europeans because of a con-
siderable contribution from European ancestry into Latin
American populations [26]. An intermediate distribution
of Uygur between East Asians and Europeans abide by
our expectations. Whereas, the 1IKGP population clus-
tering consistently confirms what was manifested in our
samples. An appreciable genetic stratification remains in
the East Asian populations and even extends to the Euro-
pean and Latin American populations. This unusual sub-
population structure barely arose from genotyping and
analytical mistakes, but suggested an unidentified genetic
differentiation across Eurasians.

We took a further look into the sub-population struc-
ture for its cause. The Han Chinese and southern
minority populations are easily allocated into two sub-
populations based on their clustering. Pairwise Fgp of
individual SNPs was calculated for all sub-populations
(Fig. S6). The analysis before enabled to filter high F¢;
values due to divergence between different ethnic popu-
lations. Hence, an identical SNP set with prominent Fgp
values was generated from all pairs of the different clus-
tered subpopulations. These SNPs exactly pinpoint to
a well-known gene, peroxisome proliferator-activated
receptor delta (PPARD), a master regulator in the PPAR
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Fig. 2 The sequence signatures of positive selection at PPARD. a Contrastive sequence variation profiles between the both sides of a recombination
point at PPARD. The Fsy, iHS and XP-EHH statistics were calculated using the 1KGP phased genotypic data. A vertical block in light brown corresponds to
the recombination spot (Fig. S7). The upper part depicts the Fq; values between the two CHB subpopulations surrounding the PPARD region. The middle
part depicts the regional plots of iHS for YRI, CEU and CHB. The lower part indicates the regional plots of XP-EHH estimated between different pairs of
populations. A cutoff of £2 was adopted and denoted in the dashed lines in the plots. b A schematic diagram of the proposed evolutionary scenario. The
orange segments represent the adaptive haplotypes carrying the selected allele, the grey segments the neutral haplotypes. A neutral haplotype links to
an adaptive haplotype after a recombination. The neutral alleles on the recombinant begin to increase as the adaptive haplotypes expand in a population
under selection. The neutral alleles on the recombinants become genetic hitchhikers. ¢ Median-joining networks for the PPARD haplotypes of the sepa-
rate regions in major continental populations. The networks were constructed from 530 haplotypes composed of common SNPs in each population. The
ancestral allele haplotypes were used as outgroup in analysis. Each node represents a haplotype and its size is proportional to the haplotype frequency.
The upper part depicts the networks constructed using 156 SNPs in the downstream region of the recombination spot. Two haplotype clusters were
defined as two haplogroups in different color shadows. The distribution of the two haplogroups was estimated. The lower part portrays the networks

constructed using 27 SNPs in the upstream region

sub-family of nuclear hormone receptors [27-29]. Its
hallmark capabilities have been documented in many
biological processes, such as immunity, energy and
lipid metabolism, angiogenesis, cell death, cardiovascu-
lar health, and tumor growth, invasion, and metastasis.
The activation of PPARS plays a protective role in meta-
bolic and inflammatory conditions, promising a target
for treating metabolic and immune-related diseases. A
fundamental resource of genome-wide scans for recent
positive selection [30], which developed the integrated
haplotype score (iHS) measuring the signature of positive
natural selection, has provided suggestive evidence to a
possible selective effect on PPARD (Table S6).

Natural selection usually leads to genetic differentiation
among populations from different geographical regions
with changed ethnic or cultural backgrounds, and natural
habitats. Selective force appears ironic in explaining the
striking subpopulation divergence. It became of interest
to illuminate the PPARD mystery.

Selection driving the differentiation at PPARD

We harnessed the model populations from the 1IKGP data
to elucidate the evolution at the PPARD locus. The CHB
participants were assigned into two subpopulations, des-
ignated as CHB1 and CHB2, in accordance to the above
clustering (Fig. S5). Fgr values were calculated between
CHB1 and CHB2 using the 1KGP phased genotypic data
on a larger genomic scale. A focus on the 2 Mb syntenic
region centered on the PPARD gene shows that the high-
est Fgr values are concentrated at PPARD (Fig. 2a), with
the peak (all F¢ values above 0.5) located in the down-
stream half of the gene body. The distribution of Fgy val-
ues displays a notable contrast between both halves. A
spot with an increased recombination rate coincides with
a boundary for the different sequence signatures (Fig.
S7). Accordingly, we hypothesized that the coincidence
of selection and recombination at PPARD resulted in
the molecular profile around the genomic region and the
genetic stratification within the populations (Fig. 2b). The
original gene underwent fragmentation after a recombi-
nation event. The adaptive haplotype carrying the selec-
tively beneficial allele upstream of the recombination site

was linked to another downstream haplotype which was
evolutionarily neutral. The adaptive haplotypes began to
expand in population under selection, and the neutral
alleles on the recombinants were concomitantly ampli-
fied as a consequence of genetic hitchhiking. The indi-
viduals in a population were genetically bifurcated into
two groups depending on whether or not they were the
recombinant carriers. Presumably, the CHB2 subpopula-
tion is comprised of such carriers.

To validate this hypothesized evolutionary scenario,
additional analyses were conducted for the sequence
variations around the PPARD region in African, Euro-
pean, and East Asian populations. In classical neutral-
ity tests, the entire gene was primarily scanned using
Tajima’s D. The results show constant negative values,
suggesting selection, along the segment upstream of the
recombination spot in CEU and CHB (Fig. S8). The com-
bination with other tests, including Tajima’s D, Fu and
Li’s D and F, Fay and Wu’s H, and normalized H statistics,
consistently indicates a significant positive selection in
the upstream region (Table S7). The fluctuation of Taji-
ma’s D to positive values in short downstream fragments
in CHB2 poses a contrast between the two Han Chinese
subgroups (Fig. S8). The significant positive Tajima’s D
values in two fragments in CHB2 literally signify balanc-
ing selection or demographic contraction for an enrich-
ment of intermediate frequency polymorphisms (Table
S7). Actually, this explanation seems unlikely. The signifi-
cant statistics for the two fragments, such as Tajima’s D
and Fay and Wu'’s H, favor a persistent signal of Darwin-
ian positive selection in CHBI.

Long-range haplotype tests based on LD extension
were applied to detect the signatures of positive selec-
tion for the target region (Fig. 2a). Selective evidence
was identified in YRI (rs9470005,|iHS|=3.09707) and
CEU (rs2284196,|iHS|=5.32864) with the top signals
lying within the identical upstream interval. The derived
alleles are selectively favored. The iHS evidence appears
weak in CHB, but the cross-population extended hap-
lotype homozygosity (XP-EHH) metrics [31] offer sug-
gestive evidence of selection. The XP-EHH signals
emerged on the both immediate sides of the iHS peak
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when comparing the haplotype extension between YRI
and CHB (YRI-CHB, YRI-CHB1 and YRI-CHB2). Nota-
bly, the downstream XP-EHH signals were revealed in
the analyses with CHB1 (YRI-CHB1 and CHB1-CHB2).
The XP-EHH results between CEU and CHB (CEU-CHB,
CEU-CHB1 and CEU-CHB2) probably endorse selec-
tion with a comparable strength in both populations. The
XP-EHH between the two CHB subpopulations proves a
longer haplotype extension in CHBI, as evidenced by a
stronger XP-EHH stretch along the downstream region.

Median-joining networks for the PPARD haplo-
types present consistent results. The star-like networks
(Fig. 2c), due to an expansion of closely related haplo-
types, support positive selection on this locus, especially
in CEU and CHB. In the networks for the downstream
of the recombination, a haplotype cluster, Haplogroup B,
is distinctively derived from another cluster, Haplogroup
A, which represents an iconic pattern of positive selec-
tion in a population. Moreover, the haplotypes belong-
ing to Haplogroup B are devoid of those from CHB1 and
account for nearly half of the total CHB2 haplotypes. This
equivalent is missing in the networks for the upstream.
Haplogroup B justifies the recombinant carriers of CHB2
and the genetic hitchhiking effect from selective sweep.
The high frequency (>94%) of Haplogroup A in CHB1
and the combined frequencies from Haplogroup A and
B in CEU and CHB, approaching 90%, inform an iden-
tical natural selection in CEU and CHB, as Haplogroup
A and B represent the selectively favored haplotypes.
The upstream networks imply a selection on standing
variation. In addition, the median-joining networks con-
structed using 21,280 haplotypes from the CONVERGE
data [32] with a broad coverage of the Han Chinese pop-
ulations bolster the evidence of selection in East Asian
population (Fig. S9). The networks for the two divided
regions by the recombination certify the genetic hitch-
hiking effect of selective sweep from standing variation.

Despite the existing tests for selection with vari-
able power to a range of selective scenarios, they indi-
vidually remain deficient in effectiveness to resolve the
current situation. A progressive combination of the anal-
yses uncovered the contrastive molecular signatures in
sequence and proved a positive selection on PPARD. It
could be reckoned that a causal allele conferring selective
advantages is situated in the upstream region. As yet, a
probe into the evolutionary history would be indispens-
able to infer how the actual selective forces arose.

Evolutionary history of the genetic adaptation

The clarified selection footprints left in genomic
sequence necessitated an understanding of the trajec-
tory of the genetic adaption, the selection strength and
its population coverage to facilitate a comprehensive
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functional characterization of this adaption driven by the
selective driving force.

Recent advances in genealogical inference have paved
a way for ancestral recombination graph (ARG) based
methods used to address many fundamental questions
in population genetics [33-35]. A full ARG captures
highly informative features that are able to be leveraged
in accurate inferences about selection, as it presents the
order and time of coalescence of local genealogies that
recapitulate shared evolutionary history and recombi-
nation events for a collection of sequences of interest.
Selective effects acting on an allele have been allowed to
characterize from ARG with agreater power, based on
departures from the expected genealogical patterns of
coalescence and recombination under neutrality [36—37].
Inferred local trees, represented by topology and branch
length, are robust enough to test a given haplotype block
under selection, even with recombination disturbance.
Sweep-driving SNPs are expected to yield more signifi-
cant signals and to be separated the from linked neutral
alleles by recombination. We adopted a genealogy-based
framework combining Relate [33] with CLUES [36] as an
efficient approach for information-rich inference about
selective history, which may boost the understanding
by summarizing haplotype diversity over long genomic
regions.

We utilized the united Han Chinese population of CHB
and CHS (CHB+CHS), CEU, and YRI as model popu-
lations for inference. To secure positive selection sig-
nals robust to spurious latencies from genetic drift and
demographic events, we first approximated the demo-
graphic history of each model population. Relate built
up the coalescence rates over time to obtain a neutral
expectation and traced the specific effective popula-
tion sizes for Chromosome 6 where PPARD resides, in
that the forthcoming analyses for our target are vulner-
able to demographic dynamics. With the selection infer-
ences adjusted for the population-resolved demographic
changes in history (Fig. S10), the positive selection sta-
tistics were assessed in each model population. The
stronger evidence was manifested in the range overlap-
ping the signals in the long haplotype tests (Fig. 3a). The
significance for CHB+ CHS is evidently the strongest
among the model populations, bolstering the suggestive
evidence of XP-EHH for a comparable selection between
CHB and CEU. The top hits, rs9470007 (P=9.52x107°)
for CHB+CHS, rs3777744 (P=1.42x10"%) for CEU,
and rs11967065 (P=5.49x10"% for YRI, were chosen
to extract their local trees of interest. rs9470007 and
rs3777744 are close to and in strong LD with rs2284196
identified in the iHS test (Fig. 2a). The local trees of the
focal SNPs concordantly depict much higher coales-
cence rates for the derived alleles in CHB+CHS and
CEU (Fig. 3b). Specifically, their deformed topology and
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and the log-likelihood ratios (LogLR) between selection and neutrality and the selection coefficients (s) were computed. The allele frequency trajectories
are plotted against time in generations before the present
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shorter length of branches carrying the derived allele
mean deviation from neutrality expectation. rs2284196
displays an identical case as rs3777744 in CEU (Fig. S11).
The coalescence from the local trees allowed us to deduce
that the selective sweep acted on standing variation and
drove the derived allele up to a high frequency.

In the streamlined analyses following Relate, CLUES
utilized the SNP genealogy properties to approximate
the full likelihood of selection and infer the selected allele
frequency trajectory and selection strength. The log-
likelihood ratios (LogLR) give an easy rejection against
neutrality for the target SNPs in the Han Chinese popu-
lation (rs9470007, LogLR=4.38) and CEU (rs3777744,
LogLR =5.76) after resampling the genealogies of interest
(Fig. 3c). The allele frequency trajectories were consis-
tently traced in CHB + CHS and CEU. The derived alleles
probably had been occurring at a low frequency before
the expansion in population, and the frequencies began a
stable growth 2,500 generations before present (approxi-
mately 70,000 years ago). The derived allele frequency
reached as high as 0.96 for rs9470007 in CHB + CHS and
0.92 for rs3777744 in CEU. Therefore, the evidence from
evolutionary history supports a positive selection from
standing variation and suggests an onset time of selec-
tion in appropriate alignment with the early out-of-Africa
migration of modern humans. The identical estimates of
a maximum-likelihood selection coefficient, s~0.002 for
rs9470007 in CHB+CHS and s=0.0021 for rs3777744
in CEU, prove a moderate selection strength based on
a work for the classification of selective sweeps using
machine learning [38]. Meanwhile, a discrepancy was
observed in YRI. The local tree of rs11967065 and the
CLUES inference present moderate evidence for a strong
selective sweep on a de novo mutation (LogLR=3.31,
$~0.041), suggesting a much more recent event (Fig. S12).

We performed further analyses to validate whether
the long-lasting selection occurred in extensive Eurasian
populations, in that its onset timing and the allele fre-
quency history appropriately correspond to the peopling
across Eurasia. Thereby, broader populations of Eur-
asian representatives were interrogated by leveraging the
CONVERGE data for East Asians and all the European
populations (EUR) in the 1IKGP data. Given the trade-off
between computational affordability and potential ben-
efits from increasing sample size, we subsampled a col-
lection of 1,500 random individuals (3,000 haploids) from
CONVERGE for analysis. Evidence of positive selection
for PPARD was substantiated in major Eurasian popula-
tions across continents. rs9470007 (P=1.87x1077) and
rs3777744 (P=3.64x10"% remain among the top hits
in the Han Chinese populations from CONVERGE (Fig.
S13) and EUR (Fig. S14), respectively. A clearly elevated
coalescence rate for the derived alleles in the local trees
was translated to strong evidence for moderate selection

Page 9 of 20

in CONVERGE (logLR=9.78, s=0.0024) and EUR
(logLR=11.36, s=0.0023) after the CLUES inference with
a correction for individual population demography. We
have been allowed to propose a common genetic adapta-
tion across the populations outside Africa.

In consequence, we legitimately conceived that a selec-
tively beneficial allele was shared among major Eurasian
populations during their dispersal out of Africa, from the
evolutionary history and coverage of the genetic adapta-
tion. It became essential to determine where the selective
driving force on the PPARD locus came from.

Biological functions of the selected allele for a
prioritization of causality

The advantageous allele ascending to a high frequency
over its evolutionary history would denote the critical
roles in enhancing survival fitness of the out-of-Africa
humans. The questions, including what forces drove the
selective pressure, whether associated biological func-
tions are in alignment with the evolutionary history, and
whether PPARD is the effective gene inducing the selec-
tion, were in need to be addressed.

Although the putative adaptive haplotypes are con-
sistent between the CEU and Han Chinese populations,
the true variant responsible for this selective advan-
tage remained undetermined. The SNPs with the stron-
gest signal could be used as a rational proxy. To better
characterize the driving forces for the genetic adapta-
tion, we collated a wealth of complex traits by inquir-
ing the association records out of 42,350 genome-wide
association study (GWAS) datasets (May 2023) hosted
in the OpenGWAS database [39] using the tag SNPs,
rs9470007, rs3777744, and rs2284196, for a phenome-
wide association (Phewas) analysis. The associations
were retained with P value<107%, and similar querying
results were obtained for the tag SNPs (Fig. 4; Fig. S15-
S16; Table S8-S10). The tag SNPs serve as expression
quantitative trail loci (eQTLs) of a string of the nearby
genes surrounding PPARD in whole blood. The associa-
tions are most significant with the expression of DEF6
(P=4.44x10"%°), BLTP3A (P=352x10"'%), ZNF76
(P=1.05x107°Y), SNRPC (P=5.71x10"%%, and ILRUN
(P=3.24x10"%!). Other associated complex traits are
notably involved in immunity, inflammation, metabo-
lism, and physical capacity, which are frequent causes
of natural selection. We classified these traits into sev-
eral categories: (I) immunity, inflammation and hema-
togenesis; (II) physical capacity; (III) metabolite levels;
(IV) energy and lipid metabolism; (V) protein levels in
immune system and (VI) mental, socioeconomic status
or behavior. The associations of a few traits pertaining to
blood cells and physical capacity are the most significant,
exceeding the genome-wide threshold (P<5x107%). The
blood cell traits and the plasma protein levels have tight
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connections with immunity and inflammation. A few
traits related to mental, socioeconomic status or behavior
are unexpectedly observed, and they would be the conse-
quence mediated by other exposure traits due to a sup-
posedly less genetic contribution to such traits. Although
certain phenotypes were assigned into a category, they
probably interact with the traits of other categories, and
some of the phenotypic outcomes could be mediated
through other traits as exposures. Sex hormone-binding
globulin (SHBG) levels with a strong genetic association

(P=1.0x10"°) in the Phewas results was identified to
affect types of body mass, fat measures of different body
parts, fasting insulin levels, muscle strength, sexual func-
tion and bone mineral density [40]. These correspond-
ing traits are also present in the Phewas results. The a
current omnigenic model has become dominant [41]. A
large number of small effect size variants cumulatively
contribute to the significant phenotype variance. Gener-
ally, the Phewas results reflect the pleiotropy conferring
favorable effects on the associated complex traits.
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The prominent eQTLs signify extended cis-regulation
on the local gene expression. We postulated that com-
plex traits might be mediated through the regulatory
effects on gene expression. The association significance
in the Phewas data could deliver an informative clue to
selective pressure. Furthermore, it would be necessary to
continue to explore the underlying genetic determinant.
A common genetic adaptation across major Eurasian
populations allowed us to envisage an independent asso-
ciation underlying the spectrum of phenotypes. Thus, we
conducted a Bayesian colocalization analysis with coloc
under a single causal variant assumption [42], seeking to
compare the correlation between individual traits and
gene expression, map the likely adaptive traits, evaluate
the shared genetic causality, and provide evidence for the
true causal variant. A statistically independent locus was
defined, comprising the intersected variants in strong LD
with rs9470007 (r*>0.75) in the CHB+CHS and CEU
populations. The trans-ethnic intersection yielded a par-
simonious set of candidates, including 15 SNPs spanning
52 kb in the genomic region (Table S11), which maxi-
mally represent a unique significant association in the
GWAS data. The summary statistics of these variants
were extracted from the eQTL and GWAS datasets for
the following colocalization analyses. The GWAS data-
sets with a larger sample size were chosen for the same
traits, leaving 109 traits into the analyses with eQTL data
of the putative effector genes (eGenes).

We first performed the colocalization analysis with the
eQTL data of eGenes from whole blood. The PP.H4.abf
values of colocalization were used to prioritize the most
likely eGene-trait pairs. The colocalized results dem-
onstrate a cluster of GWAS traits with a high posterior
probability of PP.H4.abf>0.85 (Fig. 5a; Table S12). The
clustered traits with the highest probabilities are more
enriched in two categories, physical capacity or immu-
nity, inflammation, and hematogenesis. The traits of
physical capacity include impedance of different body
parts, body mass index, fat mass, height, heel bone min-
eral density, and SHBG, presenting outstanding PP.H4.
abf values. The blood cell traits regarding lymphocytes,
red cells, platelets, neutrophil cells, and monocytes are
prominent from the category of immunity, inflamma-
tion, and hematogenesis. A common cis-regulatory role
of the putative selected variant in the expression of these
eGenes might leave the analysis insufficient to discrimi-
nate the correlation between the exact eGenes and the
mediated traits. However, it allowed prioritization of the
most likely causal variants (Fig. 5b; Table S13). Two SNPs,
rs6457816 and rs73413718, yield more significant poste-
rior probabilities after the colocalization analyses for all
traits. The PP.H4 values approaching 1 for rs6457816 and
rs73413718 were observed across all traits through the
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mediating effect of BLTP3A and DEF®6, respectively. Two
genes hold the strongest eQTL significance.

Although the large sample sizes rendered a high sta-
tistic power in the analyses with the eQTL data of whole
blood, the single tissue source data failed to evaluate
the mediating effects of gene expression on traits across
diverse tissues. We further introduced the eQTL data of
more various tissues from the EBI eQTL catalogue [43], a
resource of quality-controlled, uniformly processed gene
expression and splicing QTLs. The datasets for across tis-
sue colocalization analysis were compiled using two cri-
teria for statistical power consideration: (I) tissues with
a sample size >300 (Table S14); (II) at least one eQTL P
value <1072 for the candidate SNPs (Fig. S17). Forty-two
eQTL datasets, comprising of eGenes from a broad range
of tissue sources, were retained. The colocalized lay-out
between the eGenes across tissues and the GWAS traits
maintained similar prioritized traits with high probabili-
ties of PP.H4.abf (Fig. S18; Table S15). The traits belong-
ing to the two groups, physical capacity and immunity,
inflammation, and hematogenesis, are largely reproduced
with the highest probabilities. Two eGenes, BLTP3A and
DEFE6, are prioritized as most likely in the colocalization
across many tissues, which is attributable to their higher
eQTL significance. Unexpectedly, the PPARD gene is sig-
nificantly colocalized in fibroblasts, which make interpre-
tation for the relevance to the GWAS traits elusive. The
two SNPs, rs6457816 and rs73413718, are still prioritized
with higher PP.H4 values across the major tissue-eGene
pairs (Fig. S19; Table S16). Despite lack of the exact
mechanism by which eGene contributes to a colocal-
ized trait, the above analyses illustrate that the putative
selected variant would act as a regulatory hub for gene
expression in a local genomic region, and shed light on
the pleiotropy which may lead to multiplex selective
forces driving the genetic adaptation.

Discussion

We detected an exceptional sub-population differen-
tiation arising from alleles at the PPARD locus after the
initial characterization of the genetic architecture in the
ADME genes among the representative Chinese popu-
lations (Fig. 1; Fig. S5-S6). A group of functionally spe-
cialized genes led to the identification of an unexpected
genetic distinction, in contrast to the general population
structure obtained from unbiased genetic markers [24].
It was further verified as an authentic result, presum-
ably owing to natural selection, using the 1KGP data of
the intercontinental populations. We applied progres-
sive assays combining extended haplotype homozygosity,
phylogenetic haplotype networks, and frequency spec-
trum-based statistics to illuminate the sequence signa-
tures shaped by selective sweep (Fig. 2; Fig. S8-S9; Table
S7). The signatures manifest a sharp contrast across the
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partition of a recombination spot. Recombination usually
disturbs the robustness of such analyses when examin-
ing positive selection. Thus, efficiency from each of the
tests alone could be diminished. Besides, this class of
approaches through scanning the patterns of sequence
variation for extreme outliers are limited in their ability
to eliminate a chance induced by demographic transi-
tion. However, by comparing the separate statistics from
both sides of the recombination spot, our combined
results strongly approve a sign of selective sweep on this
locus, because they effectively overcome the confound-
ing effects from demographic processes that operate at
a genomic scale rather than on segregated stretches in a
local region. The molecular signatures from the upstream
and downstream sequences of the recombination spot
alleviate the confounding concern, as the paradoxical
profiles instead highlight a credible genetic hitchhiking
effect of “linked selection’, and discriminate it against the
resemblance mimicked by background selection that also
creates skews in allele frequencies at linked sites nearby.
Moreover, a genealogy-based framework figured out the
evolutionary history from the genealogical inference
of PPARD, indicating that a positive selection had been
operating across the Eurasian populations since early
modern humans began a long journey outside Africa and
that a beneficial allele has ascended to a high frequency
close to fixation (Fig. 3; Fig. S13-S14). The selection onset
timing could pose another doubt regarding whether the
high frequency of the derived alleles resulted from bottle-
neck effect [44]. The correction of population-resolved
demographic dynamics from the estimated effective
population sizes (Fig. S10) in the inference over selective
history has eliminated this problem. The signals targeted
by various selection scans may overlap in the immediate
vicinity of a genomic stretch across multiple populations.
We need to distinguish these selective events caused by
either convergent adaptation or common ancestry poten-
tially under common selective pressure. The consistent
patterns of the sweeping haplotypes and coalescent traces
across the Eurasian meta-populations should be more
concordant with the latter. Meanwhile, a discrepancy
observed in African YRI (Fig. S12) is justifiable. Adapta-
tion from standing variation may be less distinguishable
from the background noise of genetic drift, especially in
local populations. The constant increase in the derived
allele frequencies over times actually reflects adaptive fit-
ness among extensive populations and controls a spuri-
ous risk due to genetic drift in population history.

A few disadvantages might leave the sophisticated sce-
nario of PPARD underappreciated before. Gene flow has
been distinguished as the primary contributor to human
allele frequency changes over the last few thousand
years, with genetic drift but not selection accounting
for much of the remaining part [45]. Admixture events,
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which prevail in complex human population history, can
obscure sweep signals and perturb accurate inference
about selection [46]. Canonical models of hard sweeps
postulate that a de novo beneficial mutation emerges
under a ready driving force, marking the onset of positive
selection. Higher power seems available to detect ongo-
ing partial sweeps from recent selection [47], in which
selection quickly drives an advantageous allele along
with the sweeping haplotypes to higher frequency, gen-
erating obvious deviations in variation patterns from the
rest of the genome. Thereby, they can be easily discerned
by the popular algorithmic models. The rapid LD decay
of haplotype extension over time would instead under-
mine a sweep signal. Recent theoretical and simulation-
based studies have shown that selection may trigger the
divergence of standing genetic variants during environ-
mental shifts [48], signifying a change in chronological
order for the emergence of genetic variation and selec-
tion pressure. Standing genetic variation under selection
enable a better adaptive response to driving force, such
that this selection model, namely soft sweep, may play a
substantial role in adaptation to new environments dur-
ing human evolution [49-50]. Yet, this fundamental
evolutionary force is deficient in convincing evidence in
practice, largely because the tools, that are ubiquitously
efficient in tackling the sophisticated scenarios of soft
sweep, remain lacking, despite theoretical and data-
driven advances over the past few years [51]. The integra-
tive application of the diverse analyses, which are suited
to various selective scenarios and are more adept at trac-
ing certain aspects about selection, added to the required
evidence. From the genomic datasets of the contempo-
rary populations, we endeavored to achieve an unbiased
understanding of the selection mode and tempo, which
may imply the intriguing case of PPARD seems interme-
diate between hard and soft sweep. Compared to strongly
selected alleles of young age in hard sweep, ancient ones
are easier to approach fixation but more likely to miss in
most analyses owing to less power [46]. In the presence
of the signals from haplotype signatures, the evolution-
ary trajectory from coalescence allowed us to unravel a
distinctive episode of positive selection in the present-
day humans across Eurasia. Additionally, the results
are robust to challenges from the major migration and
admixture events of ancestral populations, which com-
pounded genomic variations after ancestry transitions in
history.

Modern humans encountered fresh and diverse envi-
ronments when they migrated out of Africa and began
to disperse across alien Eurasia. The selections that have
been cumulatively observed for more adaptive traits tend
to be typical hard sweeps [47, 52]. Less salient signa-
tures in the human genome, which might be left by the
dominant modes of adaptation, such as soft sweeps and
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polygenic selection, have not been well characterized
[50]. We distinguished the persistent sweep signal that
could endure historical demographic dynamics, such as
bottlenecks, expansions, and admixtures [46]. The sweep
most possibly originated from early out-of-Africa ances-
tors before the subsequent Eurasian separation, and was
maintained in the vast majority of Eurasian populations
rather than in certain localized cohorts, suggesting criti-
cal roles that the selected locus played in the biological
processes for better adaptation, and sustained selection
pressures over a long evolutionary history. Ancient DNA
has become an indispensable complement to modern
genomic data, which is insufficient for establishing past
selection events, although the defects in data integrity
are frequently inevitable. A recent study exploring global
ancient human genomes originally reported PPARD as
one of the high-confidence sweep signals, and proposed a
termed “Arabian Standstill” model that the ancestral out-
of-Africa group underwent a prolonged period of genetic
isolation and adaptation outside Africa, presumably in
the Arabian Peninsula area, potentially from at least
80,000 years ago until the subsequent Eurasian expansion
50,000 years ago [53]. Our dating inference for this gene
exactly aligns with the ancient genomic evidence. The
uniform evolutionary trajectories that we reconstructed
from the modern descendants of separate Eurasian popu-
lations approve the selection onset of PPARD fall within
the Arabian Standstill phase. Therefore, this model rein-
forces the interpretation to our results because of a bet-
ter understanding about the evolutionary history of the
locus and why the selection occurred in transcontinental
populations. Our findings, in turn, illustrate evidence of
an exemplified gene locus through coalescent inferences
from the genomic data of contemporary populations to
this model.

Although positive selection signs have been mount-
ing from studies in diverse populations worldwide, most
of them remain agnostic to the underpinning selective
pressures. It is challenging to systematically understand
genetic adaptation, unless persuasive evidence has cor-
related a functional variant from the putative adaptive
haplotype with precise biological processes and pheno-
types under the corresponding selective forces. To this
end, we incorporated the Phewas datasets (Fig. 4; Fig.
S15-S16; Table S8-S10) with the eQTLs (Fig. S17; Table
S14) across a diverse set of body tissue/cell types to bet-
ter characterize the biological mechanisms underlying
organismal adaptation. The genetic target under selection
should represent a regulatory element located at PPARD,
responsible for a hub in the regulation of gene expression
via cis-acting effects on the nearby genes that mediate
influences on the downstream phenotypes through indi-
vidual pathways. The colocalization results (Fig. 5; Fig.
S18; Table S12-S13; Table S15-S16), albeit less explicit

Page 14 of 20

and stringent, could intensify the validity of the selective
forces elicited from physical capacity, energy metabolism,
and immune-related involvement. The over-represented
adaptation traits can be attributed to the pleiotropy of
the putatively selected variant. Notably, PPAR-6 alone
plays pluripotent roles with a broad expression spec-
trum including liver, skeletal and heart muscles, skin,
gut, placenta, adipose tissue, and brain [54]. It partici-
pates in the control of carbohydrate and lipid metabo-
lism, reduces lipogenesis, alleviates inflammation and
endoplasmic reticulum stress, ameliorates insulin resis-
tance, and lowers the expression of inflammatory cyto-
kines. Globally, PPARD can govern crosstalk between the
metabolic and innate immune systems [27]. Its essential
roles may enable a proper explanation to the overrepre-
sentation of adaptive traits. Although the cis-regulation
of the PPARD expression appears less significant across
tissues and cell types in the available eQTLs, its low
abundance with minor variability would be sufficient to
execute the downstream functions as a crucial transcrip-
tional sensor. Moreover, the shared genetic determinant
evidently orchestrates the expression of a few genes in
a local region, among which BLTP3A and DEF6 are the
most significant. Both genes are extensively expressed,
but their biological roles remain poorly characterized.
The genetic associations of BLTP3A were identified with
systemic lupus erythematosus risk [55-56] and fast-
ing insulin levels adjusted for body mass index [57] at a
genome-wide significance. The risk-raising allele of sys-
temic lupus erythematosus was also positively correlated
with the gene expression [56]. DEF6 participates in the
modulation of adaptive and innate immunity, with partic-
ularly pivotal roles in regulating development, activation,
and function of T lymphocytes [58—60]. Def6-deficiency
resulted in inflammation, autoimmune disorder symp-
toms, and diverse immune defects including abnormali-
ties in T-cell expansion and T-helper cell differentiation,
sever hypergammaglobulinemia, and autoantibody pro-
duction in mice [61]. The missense mutations in DEF6
brought about the carriers with immunodeficiency and
systemic autoimmunity because of the DEF6 role in
regulating abundance and recycling of the T-cell check-
point protein CTLA-4 [62], which is critical for human
immune homeostasis [63—64]. A strong genetic signal
in DEF6 was also found associated with the onset of sys-
temic lupus erythematosus [65]. The associated variant
is the cis-eQTL of ZNF76 and DEF6 and the ancestral
allele is hazardous to the disease. High DEF6 expression
levels proved a potential biomarker for tumorigenesis,
metastasis, and poor prognosis in multiple cancers [66].
Expression of the local genes is prominently colocalized,
even across multiple cell and tissue types, with a group of
traits that may be adaptive to better fitness in the pres-
ent analyses. Noticeably, the positively selected derived
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allele renders pleiotropic effects on the associated com-
plex traits almost in a favorable direction by boosting
benefits and inhibiting drawbacks (Fig. 4; Fig. S15-S16;
Table S8-S10) to attain a harmonized fitness. Accord-
ingly, the estimated selection coefficients may represent
a composite pressure resulted from the interplay of vari-
ous driving forces during the past evolution. A natural
request in future research would be to precisely partition
the pleiotropic effects from individual mediating eGenes
responsible for the corresponding traits, and to ascertain
the adaptation mechanisms.

Clarifying the biological mechanisms by which target
genes in critical tissues give rise to a phenotypic outcome
remains a challenge, particularly when complicated by
pleiotropic effects from a locus that can independently
impact gene expression and traits. Co-regulation of
genetic effects on gene expression across tissues impedes
the disentangling of truely causal effects from other con-
comitant effects, as shared causal eQTLs or LD with
causal eQTLs typically fail to differentiate co-regulated
genes and tissues in analyses. The latest methods have
been even able to jointly model genetic co-regulation
across tissues for heritability enrichment, partition indi-
vidual effects of gene expression on complex traits from
co-regulated genes and tissues, and statistically distin-
guish causality from proxies [67-68]. In practice, they
may deliver more benefits in the presence of gene expres-
sion in a tissue- or cell type-specific manner [69-70]. The
eQTL data has informed that the cis-regulated eGenes
span a genomic range exceeding a reach within which
regular fine-mapping methods are more adept given mul-
tiple causal genetic elements at a target locus. Then, we
conducted the colocalization analyses with simplified
requirements, such as an LD matrix reference or even in-
sample genotype data. An independent, LD-defined can-
didate set (Table S11) was speculated to harbor a unique
causal effect of the putative selected variant. The coloc
algorithm calculated the posterior probability of a shared
causal variant between a GWAS trait and expression
variation from a single tissue-gene pair. We integrated
the posterior probabilities (Table S12-S13; Table S15-S16)
and prioritized the putative genetic determinants (Fig. 5;
Fig. S19) throughout the tissue-gene contexts with deli-
cate allelic heterogeneity. Our practice did not follow a
recommended workflow for coloc analysis, but could
resemble a manner inverse to the masking method [71].
It clumped a candidate variant set in compliance with the
single causal effect from the selective signal into analysis.
It was presumed to preclude other distinct causations in
colocalizing and to maximally narrow down the candi-
dates for the genetic determinant. Joint analysis across
association statistics is beneficial for discriminating
the non-coding regulatory variant underlying complex
traits, because it promotes the identification of the causal
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variant for GWAS signals shared in multiple phenotypes.
Although the colocalization analyses have not revealed
the cognate genetic causation underlying each trait, the
lines of evidence above have convergently established
an independent causal effect underpinning the genetic
associations. The prioritized variants and effective genes
with the most likely posterior probabilities were obtained
from the colocalization analyses. The high probabilities
should be conservative evidence for the colocalized links
between gene expression regulation and GWAS traits,
and robust to refine the causal variant.

Moreover, appreciation for the divisive signatures in
the sequence left by the selective sweep and the recom-
bination offered valuable information for fine-mapping
the driving variant. The characteristics for such vari-
ant, presumably localized upstream of the recombina-
tion, with a high frequency of the derived allele, and in
strong LD with the surrogate SNPs, would facilitate the
recognition of the causal variant. High frequencies of
rs9470007 derived allele among major Eurasian popula-
tions (Fig. S20) suggest that it is more analogous to the
genuine variant and suitable for clumping the LD-defined
candidate set. The both refined variants, rs6457816 and
rs73413718, precisely conform to the presumed proper-
ties of the genuine target deduced above.

The mediating mechanisms of causal variants and
genes usually keep silent and undetected because of
the lack of context-specific effects for genetic associa-
tions [72]. The eQTL data, deficient in full coverage of
cell and tissue sources, were not sufficient to compre-
hensively acquire the mediating effects of expression on
complex traits. The unavailability of critical tissues may
be another limitation for our colocalization analysis, such
as the expression data in bone marrow responsible for
the hematologic traits. This PPARD locus presents a case
of pleiotropy that is more sophisticated than expected.
Therefore, partially assessing the mediating effects of
gene expression on complex traits is a visible restriction
in our analyses. However, the prioritized results should
be robust from the bulk tissues comprising miscellaneous
cell types. Our study has laid a solid foundation for fol-
lowing efforts to elucidate the regulatory mechanisms
underlying gene expression and the mediating effects on
biological functions, and to make full sense of a gene-tis-
sue-trait-adaptation picture.

Conclusions

This study highlights an overlooked episode of genetic
adaptation at the PPARD locus, which plays a crucial
role in human survival fitness. While positive selection
at this locus has been well documented, the underlying
biological mechanisms linking genetic variation to gene
expression, complex traits, and disease susceptibility
remain to be fully elucidated. A deeper understanding
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of these mechanisms will be essential for advancing our
knowledge of how the selectively advantageous allele
contributes to adaptation. Moreover, the inferred selec-
tive history of this locus provides insights into the
dynamic interplay of multiple evolutionary forces. Iden-
tifying causal variants and effective genes will be a key
step toward bridging current knowledge gaps and fur-
ther exploring the pleiotropic role of this locus in various
adaptive processes via experimental validation.

Materials and methods

Population samples

A total of 1092 unrelated DNA samples from 9 represen-
tative populations in China were anonymously collected
for genotyping, with consideration of ethnicity, culture,
and regional distribution. The three Han Chinese popu-
lations, the largest part of the samples, were recruited
from Guangdong province, Shanghai city, and Shandong
province, representing the southern, central, and north-
ern Han Chinese, respectively. The three ethnic minority
populations from South China are the Lic, Zhuang, and
Miao populations. The Tibetan, Mongolian, and Uygur
populations, accounting for the largest minority popu-
lations in the northwest of China, were included in this
study. Population membership was ascertained by the
grandparent ethnicity of the subjects. The sample infor-
mation is listed in Table S1.

Genotyping, data filtering, and public data compilation
DNA samples were genotyped using the AffyMatrix
DMET Plus chip. Genotyping quality control (QC)
required a call rate higher than the 98% threshold for
each subject. We implemented a stepwise genotype QC
procedure (Fig. S21). Finally, a post-QC set of 1802 auto-
somal SNPs were harvested for subsequent analyses. In
addition, the phased genotypic data from the 1KGP data-
sets were introduced in our analyses [25]. The data of
the large Chinese specific panel CONVERGE [32] were
downloaded from the European Variation Archive with
PRJNA289433.

Data analyses of population genetics

The identity-by-state pairwise distances of individu-
als were calculated using PLINK v1.07 software [73] for
MDS analyses. STRUCTURE analyses [74—75] were car-
ried out to decompose a range of ancestry clusters from
K =2 to 8 in the proportions of individuals and the aver-
age population proportions, with 10,000 burn-ins, 10,000
Markov Chain Monte Carlo (MCMC) iterations, and
5,000 admixture burn-ins under the Admixture, Admix-
ture plus LOCPRIOR, and Linkage models, respectively.
To obtain more reliable results, we replicated 10 times
with random seeds for each STRUCTURE modeling at
the same K, and then applied CLUMPP v1.1.2 [76] using

Page 16 of 20

its GREEDY algorithm, with 5,000 repetitions to obtain
the optimal replicate alignments. The results were plot-
ted for visualization using DISTRUCT software [77]. A
stepwise AMOVA analysis based on various grouping
hypotheses was conducted using Arlequin suite v3.5 [78]
to evaluate the genetic diversity among groups, among
populations within groups, and within populations. P
values in each run were produced by significance tests of
10,000 permutations.

TreeMix v1.13 software [79] was used to model a maxi-
mum likelihood tree for the populations by inferring the
patterns of population splits, gene flows, and genetic
drift in history. The Plink package was used to calculate
allele counts of SNPs for the required input data. Uygur
was specified at the root position. For a more reliable tree
topology, we modeled a range of inferences by setting the
-k flag spanning 15, 20, 30, 50, 75, 100, 150, 200, 300, and
500 to account for non-independent nearby SNPs with
LD, and by setting the -m flag from 1 up to 15 to allow
for migration events. Changes in the log likelihood statis-
tics were evaluated for the different modeling runs. The
optimal number of migration edges was estimated by the
Evanno, linear and SiZer methods using the companion
OptM package [80] in R. The topology of the population
divisions was then plotted. F¢y statistics per SNP were
calculated to measure the genetic differentiation between
each pair of populations by the most widely used Weir
and Cockerham estimator [81], which accounts for dif-
ferences in sample sizes between populations. The 99.9th,
99th, 98th and 95th percentiles of Fg; value distribution
were calculated and plotted in a clustered heatmap using
the pheatmap package in R.

Tests for natural selection

The phased haplotype data were retrieved from the 1IKGP
datasets. We conventionally chose YRI, CEU and CHB
to represent African, European, and East Asian popula-
tions from the three main continents. Classical neutrality
tests with different statistical preference were conducted.
Tajima’s D [82] was measured along the entire PPARD
gene using a sliding window approach to characterize the
deviation of allele frequency spectra of SNPs from neu-
tral equilibrium. The tests for Fu and Li’s D and F [83],
Fay and Wu’s H [84], and normalized H statistics [85]
were performed with an outgroup of ancestral informa-
tion. The significance of individual statistics was yielded
through comparing the observed values to distributions
generated from 10,000 coalescent simulations, condi-
tional on the observed sample size and Theta (6) values
[86], assuming a standard neutral model with no recom-
bination, using DnaSP v5.10 [87]. Surveyed values falling
into the one-sided 5% tail of the null distribution were
considered statistically significant.
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We applied two complementary extended haplotype
homozygosity based long-range haplotype tests to detect
the signatures of recent positive selection. iHS [29] and
XP-EHH [31] probabilistically model the likelihood of
the haplotype decay due to the recombination back-
ground in human genome, and then quantify evidence
of recent positive selection by the presence of long-range
haplotypes. Both metrics were calculated with the sels-
can software [88]. The genetic distances (recombination
rates) for SNPs used in the analyses were interpolated
from the estimates in the HapMap Phase II data release
[89], which combine the recombination maps for African,
European, and East Asian populations, and are less likely
to be affected by population-specific selective sweeps and
demography [90-91]. The ancestral state for each Homo
sapiens variant site was retrieved from the annotations in
1KGP datasets or determined based on the GRCh37_e71
ancestral genome from the Ensembl database release.
Raw iHS and XP-EHH statistics were normalized using
the norm tool packed in the software. The cut-off of both
statistics -2 or >2 was considered evidence of selection,
largely corresponding to the top 5% hits from a genome-
wide distribution. Positive and negative scores mean the
longer haplotypes with the derived or ancestral allele
background.

The haplotype networks were constructed using the
median-joining algorithm by Network v4.6.1.4 program
[92]. Ancestral allele state was examined as described
above, and a haplotype composed of ancestral alleles for
each site was used as the root.

Genealogy-based inferences

We executed the genealogy building and the coales-
cence rate/branch estimation procedures using Relate
v1.1.9 [33]. We adopted a per-generation mutation rate
of 1.25x 1078, 28 years per generation, and the effective
population size of 20,000, 30,000, and 50,000 haploids for
East Asians, Europeans, and Africans, respectively. The
human ancestor sequence of GRCh37 and the genetic
map from HapMap were used as described in the sels-
can above. The genomic mask file was obtained from the
1KGP release. The phased genotypic data were processed
as input files by the PreparelnputFiles module. Relate
was used to infer the population genealogy with “--mode
ALL” The historical effective population sizes were esti-
mated by the EstimatePopulationSize module. A recom-
mended tree dropping threshold of 0 was set, such that
the branch lengths in all trees are updated for detecting
positive selection. The.coal file outputs for coalescence
rates were used in the ensuing analyses. Positive selection
evidence from genealogy was detected by an addon-on
module DetectSelection with calibrated branch lengths
for the estimated population size history. The trees of
interest were plotted by the TreeViewMutation module
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with a focal SNP specified. We implemented the coales-
cence rate through time estimations separately for the
Han Chinese populations, CEU, all the European popu-
lations in 1IKGP and CONVERGE. CHB and CHS were
combined into analysis (CHB + CHS). EUR incorporated
CEU, GBR, FIN, IBS and TSI. We subsampled 1,500
subjects from CONVERGE for an unaffordable compu-
tational burden with more samples in constructing gene-
alogy and coalescence.

The CLUES [36] algorithm was used to assess the
goodness-of-fit between natural selection and neutrality
scenarios for the tested variant via a likelihood ratio test,
and to infer the maximum-likelihood selection coeffi-
cient and the allele frequency trajectory from a local tree
topology and branch lengths. The branch lengths of the
local genealogies at the SNP of interest were resampled
using the SampleBranchLengths module in Relate, with
200 MCMC-like iterations for CHB+CHS and CEU
populations and 500 MCMC iterations for CONVERGE
and EUR samples. CLUES modulated the MCMC sam-
ples with the importance sampling options: “--burnin
100 --thin 5” for CHB + CHS and CEU populations, and
“--burnin 200 --thin 5” for CONVERGE and EUR sam-
ples. Namely, the preceding resampled trees were aban-
doned as burn-in, and the remaining trees were pruned
by keeping every 5th tree to include into the importance
sampling estimate. A posterior allele frequency trajectory
for the focal SNP was estimated and plotted with a speci-
fied time cutoff of 3,000 generations before the present.

Phewas and colocalization analyses

Three tag SNPs, rs9470007, rs3777744 and rs2284196,
were used in the genetic association queries from the
OpenGWAS database [39] for the Phewas analyses.
Data were filtered with a threshold of P value<1072,
The extended eQTL data of more various tissues were
retrieved from the EBI eQTL catalogue [43]. We ran
coloc v5.2.2 for the Approximate Bayes Factor colocaliza-
tion analysis on summary statistics [42], with association
P values, minor allele frequencies, sample sizes and case
proportions (for binary traits) summarized in individual
datasets as arguments. The input data for the LD-defined
set of the candidate variants were extracted from each
eQTL and GWAS dataset and primed for colocalization
analyses. We ensured that the effective alleles and the
effective allele frequencies were harmonized between
datasets. A colocalization analysis was performed
between the eQTLs of each cis-regulated gene and the
GWAS statistics of other traits using the coloc.abf func-
tion under a single causal variant assumption. The rec-
ommended prior parameters [71] pl=10"% p2=10"%
p12=5x10"° were adopted in our practice for a trade-off
between sensitivity and conservatism. From the outputs,
a posterior probability PP.H4 indicates the strength of



Shou et al. BMC Genomics (2025) 26:427

evidence for a shared causal variant and positive colocal-
ization between pairs of association statistics.
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